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Abstract 

We propose a full-fledged open string framework that seems suited to study 
the black hole information paradox. We set up a configuration to compute the 
scattering amplitude of a IIB open string around a D5-brane. The D5-brane is 
situated at the origin of a transverse D3-brane. A string perturbation theory 
is employed where the geometry of the D5-brane is treated as a potential. We 
reason that the setup is capable of reconciling the unitary evolution of states 
and information loss that is measured by an observer on the D3 brane. With the 
configurations of these kinds, the information loss is an apparent phenomenon: 
it is just a manifestation of the fact that the D3-observer does not have access 
to the "hair" of the D5 black brane. 



Home instutution 



Black holes have played important roles in recent developments in string theory 
[1, 2]. They appear as relatively simple solutions of various supergravity theories 
whose horizon areas yield Bekenstein-Hawking entropies. (Sec, for example [3, 4, 5, 6].) 
The microscopic origin of the entropy was then understood [1, 2, 7, 8] by making a 
connection with D-branes [9, 10, 11, 12]. One well-known puzzle in black hole physics 
is the black hole information paradox. Relatively recent discussions on the topic can 
be found in [13, 14, 15, 16, 17]. Since string theory is capable of describing gravitation, 
it should provide a proper setup to tackle the problem. There have also been studies 
on absorption cross sections of various black holes, e.g., [18, 19, 20, 21]. Most of these 
works are based on the low energy effective actions of string theory, supergravity or 
gauge/DBI theory. What is desired is a full-fledged vertex operator formulation that 
is designed, with a "realistic" touch, to compute various scattering amplitudes around 
a black hole. In this paper, we propose one such setup. 

The system that we consider consists of a D5-brane and a complementary D3 brane. 
As shown in the figure below, they are entirely perpendicular. The scattering open 
strings move on the D3 brane. It also hosts an observer, therefore we may call it a 
"brane- world" . To the observer, the D5 brane appears as a hole instead of a brane. 
Namely, confined within the brane, the observer only sees a "dot" , the black hole. The 
scattering around the black hole is measured. A type IIB supergravity solution that 
corresponds to such a configuration have not been established in the literature although 
we expect its existence. The configuration might be obtained from a known solution. 
We briefly comment on this later. Intuitively it is obvious that the D5-brane provides 
an "escape passageway" for some of the incoming strings. This will cause a loss in the 
flux that is measured by the D3-observer, which will be interpreted as information loss. 
With the setup under consideration (and the similar kinds), it is clear that the loss is 
an apparent phenomenon: it is a simple refiection of the D3 observer's inaccessibility to 
the "hair" of the D5 brane. One of the goals of this paper is to provide a quantitative 
description of the scattering. 

The picture can be put on computational ground with the following philosophy. 
What we propose as part of the setup is two-sided concerning how to deal with each of 
the geometries, the geometry due to D5 and that of the D3. It is based on our view that 
the two geometries should have different interpretations and therefore play different 
roles. In the spirit of previous works [22, 23, 24, 25] we attribute the geometry of 
D5-brane to the loop effects of the open strings that live in the D5-brane. Such physics 
is only indirectly visible, and only in a limited manner, to an observer who lives on the 
D3. Most of the detailed physics will be hidden: we propose to treat the geometry of 
the D5 brane as a potential that is felt by the scattering open strings. What it means 
in terms of the action is that we start with a non-linear sigma model [26, 27, 28] of D5- 
brane geometry and view it as consisting of free pieces plus the potential terms. The 
potential will then affect the dynamics of the open strings moving on the D3. It is the 
part of the proposal that makes the setup different from those in the other literature. 
The second ingredient-which is also in the spirit of the previous works- is that we 
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associate the geometry of the D3 brane with the loop effects^ of the scattering open 
string on the D3-brane. It imphes, in the case where one considers only the tree level 
scattering (as we do in this work), that one may disregard the curved geometry due to 
the D3-brane: it will only play a role as counter terms in loop scattering diagrams. 

The discussion so far leads to the following overall picture: we consider an open 
string moving on the D3-brane whose vertex operator has been constructed in [22] 
following [31]. As in the standard quantum mechanical formulation of scattering, we 
consider a two-point amplitude. The effect of the presence of a black hole in general is 
then introduced as a vertex operator insertion in the correlation function. The precise 
form of the potential is determined based on the two-dimensional non-linear sigma 
model of the D5-brane. The correlator can be evaluated by following the method in 
the previous works. Towards the end, we note that, in a full string description, genuine 
information loss does not occur in a generic configuration of the present kind.^ 



D5 




Figure 1: An open string scattering around a D5-brane 



The detailed computation will be taken below but it may be worth thinking about 
what one should expect as a result of the computation. In order to answer the question, 
we try to develop a further intuition on the system. The first issue that we would like to 
address is a potential obstacle: whether we have a necessary tool for the computation. 
In general, studying physics near a black hole may require a non-perturbative tool that 
is unavailable. However, since we are interested mainly in the flux loss, we can adopt 
a procedure that is similar to the one developed in [24]. In this procedure, we consider 

^The connection between loop effects and geometry goes back to tlie Fiscliler-Susskind mechanism 
[29]. Tlie connection between open string loop effects and the D-brane geometry in the current 
context has been established at one- loop in [24] and partially established at two- loop in [25]. Work is 
in progress [30] for the three-loop order. 

^ There is a difference between an open string and a closed string. We will comment on this as well. 
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what we call a large i?o-expansion where one expands the spatial D3-brane coordinate 
as 

X" =< X" > = Xq" + X", Rl = ^(Xo")2 (1) 

u 

Invoking Ehrenfest theorem, we interpret Rq as the average location or the location in 
the classical sense of the string.^ In other words, by considering the large- i?o expansion 
we are analyzing the dynamics of a string which has an average location at Rq.^ 

We are ready to discuss what to expect as an outcome of the computation. For 
that purpose, we use an analogy with the quantum mechanical formulation of scatter- 
ing. To avoid unnecessary complications, we consider non-relativistic scattering. The 
discussion will be heuristic. 

If one sets out to analyze non-relativistic scattering around the D5-brane, one will 
consider a wave-function which schematically takes the form of 

pikr 

e"'-'' + —f{k',k) + f5{r)i^n, (2) 

The first two terms are standard except that the power of ^ in the second term has 
been set to n with n > 1. In a flux-conserving scattering which is usually the case 
in quantum mechanics, the power is n = 1. This will not be the case for the system 
under consideration: the D3-observer will measure flux loss since part of the flux will 
be absorbed into the D5-brane. The absorbed part will form a wave-function that is 
represented by the third term. The profiling function /3(r) should be sharply peaked 
at the three dimensional origin r = 0. The third term will contribute to the large- 
Ro scattering only through making n higher than one. From the setup, the following 
property of the cross section can be deduced: a cross section in general reveals certain 
properties of the target. It is based on what/how much comes out of what has entered. 
The fiux loss in the present setup indicates that there is decay in the wave function. 
The (differential) cross section will depend on where the measurement is being made. 
In particular, it will be a decreasing function of Rq. There will be more discussions 
using (2) near the end. 

There is a large number of literature on scattering that involves D-branes, [32, 33, 34], 
to name a few. We consider a complementary system of D3/D5. One difference of 
this setup is that the observer is confined within the D3-brane. The precise super- 
gravity solution has not been obtained. However, there is a configuration made out of 
intersecting branes [35, 36, 37, 38, 39, 40, 41] that is close. 

^It is an " average distance" from the black hole and the location of the string. 

"^One may pause and wonder whether such a large distance expansion can properly capture the 
black hole information physics. With regard to this issue, we focus on whether there is a Hawking 
radiation. If there is, it must be also observed from far away from the black hole. The large distance 
expansion must be adequate for that. 
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As stated in the introduction, two geometries, one from the D5 brane and the other 
from the D3 brane, have different meanings. This is the rationale for different treat- 
ments of the two geometries: we will treat the D5-geometry as a potential whereas the 
D3-geometry will be dealt with as the loop effects of the scattering strings. Since wc 
are only concerned with the tree level scattering, we disregard the D3-geometry curved 
terms. 

The D5-brane that we consider is given by^ 

^X^ 

H = 1 + ^, Q = gNa' (3) 

The coordinate spans the six Euclidean space and X*^ the four dimensional space- 
time. For the scattering amplitude, our proposal amoimts to computing an open string 
two-point function with insertion of a potential vertex operator,^ 

<v{xuk,) Upot{y)V{x2M) > (4) 

The locations should be determined based on the physics of scattering. A natural 
choice is xi — 00^X2 — Q,y — 1- The precise form of Upot is determined by considering 
the non- linear model of the D5-brane geometry. In the leading order in r, there are 
only two terms 

(diX"'d'X^r]^nH--^ + diX^^d'X'^'nuvH-*) (5) 
The leading term^ in the i?o-expansion of this gives 

Upot= {^l^d.X^d'X'^rj^^-^^^d.X-d'X^rj^,^ (6) 

where Q is a constant in (3). Rq has appeared as a result of shifting X™ according to 
(1) and carrying out the large- i?o expansion. Let's consider the vector boson vertex 
operator on the D3-brane, 

V^{C,k) = C"(^" - ^""fc'")e'^"^ (7) 



^The symbol, r, is transverse to the D5-brane. It is not to be confused with r of the previous works 
which is transverse to the D3-brane. For the "average" location, we are using Rq instead of ro- Since 
the roles of the two geometries arc very different, so arc the roles of tq and Rq. 

^As far as we can see, this formula is pointed to by an analogy with the standard quantum 
mechanical treatment of scattering. If preferred, it may be taken as part of our proposal. 

^Thc non-linear sigma model of a D5 contains many terms including the parts coming from the 
Ramond-Ramond fields. They are all sub-leading in the large i?o-expansion. 
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Including the polarization vectors, (C^, C^)) noting that the first term in (6) do 
not contribute due to dimensional regularization, the two-point correlator becomes 



<K(xi,C,A;^)^pot(l)K(0,C',^') > 



= 5\h + k2)I 



(8) 



The fermionic terms in Vy{xi, C^, k^), Vy{0, C^, k"^) do not contribute for the same reason. 
Choosing xi — oo, X2 — 0,y — 1 and taking the string measure into account, one gets, 
after some algebra which is a simple version of computations in [24, 25], 



3Q 



Cl-C2 



(9) 



The result implies that the cross section decreases as 4j after the spherical shell surface 
integration taken into account. In particular, it vanishes at infinity. Physically this 
means that there is a total absorption of the flux into the D5 brane. 



We now ponder on the ramifications of the result (9) and possible future directions. 
Although we have considered a D3/D5-brane system, qualitative features will be shared 
by many other configurations. Generically the wave function will display a decaying 
behavior due to the inverse field potential. At infinity the cross section vanishes. The 
outgoing wave does not reach infinity. This feature does not change even for the known 
extremal D-5 brane solution. Still the leading behavior is as we discuss below. The 
result then implies that Hawking radiation does not occur since it would require a 
non-decaying wave function as necessary condition. Although we have investigated 
an extremal case, it does not seem that near-extremal cases will be different in this 
respect. We may consider what would be a near extremal D5 configuration by first 
considering a near extremal D1/D5 system and setting the Dl-brane charge to zero. 
To get a non-decaying wave function, therefore Hawking radiation, the leading power 
of the large- i?o expansion of the potential must be However, the non-extremality 
does not bring that feature. It is likely that the desired power will come only when 
there is a spherical symmetry not only for the potential but also for the scattering 
states. Such symmetry will be possessed by a scalar vertex operator of a closed string, 
say, dilaton. In that case. Hawking radiation can be realized. This case will not lead 
to the information paradox either: an observer who has access to a closed string will 
have access to the detailed physics of the the D5-brane. The observer should five in 
the bulk. Therefore, it will be understood what is causing the apparent non-unitary 
evolution. 

As just discussed, generically Hawking radiation is not realized. But with a special 
design, it may be possible. Let us suppose that we have such a setup and scrutinize 
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the open string case. This will help us to develop further intuition on the hair and 
bring out the tasks involved for quantitative understanding of the information "loss" . 
We again resort to the non-relativistic quantum mechanical picture, (2), but now with 
n = 1, 



ik-x 



(10) 



The third part is the wave function of the D5-brane. It does not contribute to the 
large- i?o scattering. It is a product of a four dimensional wave- function, /5(r), and a 
wave function in the D5-brane, ^jJD5■ The wave-function, /3(r), should be viewed as 
an invisible part of the 4D wave-function. The specific question to study is, "is it 
possible to change the first piece and let the change absorbed by the third piece while 
keeping the second piece the same?" That would mean that what comes out may be 
independent of what has entered other than through the mass (or the energy) as we 
will argue now. Writing the ten dimensional Hamiltonian as a sum of the D3-brane 
Hamiltonian, and the transverse one, Hq, schematically the Schrodinger equation 
reads 



Akr 



e*^ + — /(fc',fc) + /3(r)V'D5 
r 



E 



Akr 



e''-'' + —f{k',k)+(3{r)i;n5 



(11) 



where H4/3{r) — e4/3{r) and /3(r) — >■ when r — )■ oo. We also assume that Hq is purely 
kinetic. For r — > oo 



Akr 



E 



Akr 



;i2) 



For r ~ 0, the /3(r)-containing terms will be dominating,^ 
=^ HeipDb ~ (-E - e4)V'i35 



(13) 



The above two equations, (12) and (13), achieve the goal: the change in the 4D wave 
function, i.e., the change in ^(r) gets absorbed by the change in V'ds, therefore not 
affecting the radially outgoing wave function. Let us set 



M, 



D5 



E-ei 



(14) 



where M05 would be the mass or the energy of the D5-brane. It shows that what 
comes out is independent of what has entered other than through the mass of the D5- 
brane. So the D3-brane observer will measure the information loss while lOD physics 
still preserves the unitary evolution of states. 



^Remember that the i-behavior of the second term is only asymptotically valid. 
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One may pursue the following future directions: the current setup may be useful to 
understand the black hole entropy at the full vertex operator level. One direction is 

along a near-extremal D5 case. The near-extremal brane geometry should presumably 
be associated with the excitations of massive open strings on the D5-brane. They must 
be the hair. It will be interesting to compute the entropy of the massive open string 
states and compare it with the Bekenstein-Hawking entropy. It will also be interesting 
to study scattering of a scalar state of a closed string. That will make a connection 
with existing literature. 

We end by posing a bold question. Based on the discussion so far, the information 
paradox does not seem to occur in string theory, regardless of whether there is Hawking 
radiation or not. However, it occurs in theories based on four dimensions: should 
the black hole information paradox based on four dimensional models be taken as an 
indication that our world has more dimensions than four? 
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